INTRODUCTION
Neurotransmitter release at the synapse constitutes the fundamental basis for major brain functions including cognition, memory and motor control. The precise temporal control of the release is essential for healthy brain activities. SNAREs (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptors) are known to be the core fusion machinery in neuroexocytotic pathways [1] [2] [3] . SNARE complex formation between the synaptic vesicle and the plasma membrane is mediated by the cognate coiled-coil motifs on v (vesicle)-and plasma membrane t (target)-SNAREs: one such motif from t-SNARE syntaxin 1A, two from t-SNARE SNAP-25 (25 kDa synaptosome-associated protein) and another from v-SNARE VAMP2 (vesicle-associated membrane protein 2) form a parallel four-stranded coiled-coil, which brings about the apposition of two membranes [4] [5] [6] . SNARE complex formation might proceed in sequential steps. Two or three distinct stages have been observed with optical or magnetic tweezer set-ups [7, 8] . It is thought, however, that SNARE proteins themselves do not have the required regulatory function that controls the timing of SNARE complex formation [9, 10] , which confers the temporal on/off switching capability for vesicle fusion. A vesicular protein, Syt1 (synaptotagmin 1), is instead believed to be the key regulator, which senses the spike of the Ca 2 + level in response to the action potential and helps trigger fast vesicle fusion [10] [11] [12] .
At the molecular level, Syt1 contains a transmembrane domain, a putatively unstructured linker region (∼60 amino acids) and two cytoplasm tandem C2 domains (C2AB) that bind Ca 2 + [13] . Syt1 is thought to be involved both in docking and fusion pore opening [14] [15] [16] . In early steps, Syt1 binding to the binary t-SNARE (syntaxin 1A/SNAP-25) on the plasma membrane may mediate vesicle docking [14, [16] [17] [18] . Recent in vitro experiments indicate that the negatively charged lipid PIP 2 [PtdIns(4,5)P 2 ] plays a role in docking via the t-SNARE-Syt1 interaction [17] . In response to the Ca 2 + influx, Syt1 inserts itself into the target plasma membrane [19, 20] , which triggers membrane fusion [19, 21] .
Mechanistically, the C2AB domain is considered as the functional domain and has been widely used as a soluble substitute for Syt1 [22] [23] [24] [25] ; however, studies have indicated that the C2AB domain is not an adequate model to recapitulate important Syt1 functions [26, 27] . The C2AB domain promotes fusion by aggregating vesicles in response to Ca 2 + and thereby enhancing v-and t-SNARE pairing [22, 23, 27, 28] , whereas Syt1 is supposed to stimulate membrane fusion by the trans-interaction with the plasma membrane [14, 15, 26, 29] . For the trans-interaction the 60 residue-long linker region appears to be essential as an in vitro study suggests that Syt1 is a distance regulator reaching out to the plasma membrane using this long linker [30] .
In the present study, using single-vesicle-docking and contentmixing assays, which has the capacity to detect the docking and Abbreviations used: biotin-DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl); CW-EPR, continuous wave EPR; DiD, 1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindodicarbocyanine perchlorate; DiI, 1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate; DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; GST, glutathione transferase; Ni-NTA, Ni 2 + -nitrilotriacetate; OG, N-octyl-β-D-glucopyranoside; PIP 2 , PtdIns(4,5)P 2 ; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; SDSL, site-directed spin labelling; SNAP-25, 25 kDa synaptosome-associated protein; SNARE, soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor; Syt1, synaptotagmin 1; t-SNARE; target SNARE; v-SNARE, vesicle SNARE; VAMP2, vesicle-associated membrane protein 2.
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the fusion pore opening steps separately [31] [32] [33] , we found that the Syt1's linker region is essential for both docking and fusion pore opening. The linker region is featured with the basic-residuerich N-terminal half and the acidic-residue-rich C-terminal region. Interestingly, this feature is well conserved in many species from Caenorhabditis elegans to humans. When the asymmetric charge distribution was disrupted by double or triple mutations, it hardly affected the docking step, but impaired fusion pore opening. However, disulfide cross-linking between the basic and the acidic regions reduced docking while enhancing Ca 2 + -triggered fusion pore opening. Our SDSL (site-directed spin labelling) and EPR analysis of the linker showed that upon Syt1 binding to t-SNAREreconstituted (t-)vesicles in the presence of Ca 2 + it became motionally restricted; however, this conformational change was not seen when the charge segregation in the linker was disrupted. Thus the results of the present study suggest that the flexible linker region of Syt1 undergoes conformational changes during vesicle fusion: it stretches out to mediate vesicle docking, but folds to assist the C2AB domain for fusion pore opening. 
MATERIALS AND METHODS

Plasmid
Protein expression and purification
The GST-tagged proteins were expressed in Escherichia coli Rosetta (DE3) pLysS cells (Novagen). Details can be found in our previous work [14] . The His-tagged proteins were expressed in E. coli BL21 (DE3) cells (Novagen) and purified with the same protocol as described previously [14] .
Membrane reconstitution
The lipid molecules used in this study are DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), PIP 2 (from porcine brain), cholesterol and biotin-DPPE [1,2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-(biotinyl)]. All lipids were obtained from Avanti Polar Lipids. DiI (1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindocarbocyanine perchlorate), DiD (1,1 -dioctadecyl-3,3,3 ,3 -tetramethylindodicarbocyanine perchlorate) and sulforhodamine B were obtained from Invitrogen.
For the bulk lipid-mixing assay, the molar ratios of lipids were 15:61:20:2:2 (DOPS/POPC/cholesterol/PIP 2 /DiI) for the t-SNARE-reconstituted (t-) vesicles and 5:73:20:2 (DOPS/POPC/cholesterol/DiD) for the v-SNARE-reconstituted (v-) vesicles. For the single-vesicle-docking assays, 0.1 % biotin-DPPE was added in v-vesicles. The lipid mixture was first completely dried and then hydrated by dialysis buffer [25 mM Hepes (pH 7.4) and 100 mM KCl]. After five freeze-thaw cycles, protein-free large unilamellar vesicles (∼100 nm in diameter) were prepared by extrusion through a 100 nm polycarbonate filter (Whatman). For membrane reconstitution, SNARE proteins and Syt1 were mixed with protein-free vesicles at the protein to lipid molar ratio of 1:200 for each protein component (this ratio was kept for all experiments including the single-vesicle contentmixing assay) with ∼0.8 % OG (N-octyl-β-D-glucopyranoside) in the dialysis buffer at 4
• C for 15 min. The mixture was diluted twice times with dialysis buffer and this diluted mixture was then dialysed in 2 litres of dialysis buffer at 4
• C overnight. Details for reconstitution were discussed in our previous work [14] .
For the single-vesicle content-mixing assay with the small sulforhodamine B content indicator, the lipid compositions were the same as those used in the single-vesicle-docking assay except that the fluorescent lipid dyes (DiI and DiD) were replaced by the equal amount of POPC. The lipid mixture was first completely dried and then hydrated by dialysis buffer, but a population of vesicles to make v-vesicles was hydrated in the presence of 50 mM sulforhodamine B. The overall vesicle preparation and protein reconstitution process was the same as above except that v-vesicles were always kept in the 50 mM sulforhodamine B prior to dialysis overnight. Free sulforhodamine B was removed using a PD-10 desalting column (GE Healthcare) after dialysis.
Bulk lipid-mixing assay
Reconstituted t-and v-vesicles were mixed at a ratio of 1:1. The final lipid concentration was 0.1 mM. The fluorescence intensity was monitored in two channels with the excitation wavelength of 530 nm and emission wavelengths of 570 and 670 nm for donor DiI and acceptor DiD respectively. Fluorescence changes were recorded with the Varian Cary Eclipse model fluorescence spectrophotometer using a quartz cell of 100 μl with a 2 mm path length. All measurements were performed at 35
• C.
Single-vesicle-docking and content-mixing assays
After coating the quartz surface with a solution of mPEG [methoxypoly(ethylene glycol)] and biotin-PEG molecules to eliminate non-specific binding of vesicles, the quartz slide was assembled into a flow chamber and coated with neutravidin (0.2 mg/ml). Following a 30 min incubation at room temperature (∼25 • C), the v-vesicles were immobilized on the PEG-coated surface. After two rounds of washing with 200 μl of buffer, the t-vesicles (100∼200 nM) were injected into the flow chamber for 30 min pre-docking at room temperature. After washing out the free t-vesicles, the docking probability was calculated by the ratio of docked t-vesicles and total anchored v-vesicles in the imaging area (45×90 μm 2 ). The details of the single-vesicle-docking assay have been reported in our previous work [14] .
For real-time imaging of the small sulforhodamine B content release, the sulforhodamine-B-containing v-vesicles were immobilized on the PEG-coated surface. After two rounds of washing with 1 ml of dialysis buffer, empty t-vesicles were injected into the channel to make them bind to v-vesicles. After 30 min incubation at room temperature , the dialysis buffer with or without 500 μM Ca 2 + was injected into the flow chamber at a speed of 33 μl/s by a motorized syringe pump. The details of the single-vesicle content-mixing assay were reported previously [29, 31, 33] .
GST pull-down assay
To form the binary complex, His-tagged SNAP-25 and GSTtagged soluble syntaxin 1A (amino acids 191-266) cell lysates were mixed and loaded on to Ni-NTA (Ni 2 + -nitrilotriacetate) beads. The binary complex was purified following the same procedure described for His-tagged SNAP-25. The purified binary complex was then loaded on to glutathione-agarose beads. After washing thoroughly with cleavage buffer [50 mM Tris/HCl (pH 8.0), 150 mM NaCl and 0.8 % OG] to remove unbound His-tagged SNAP-25, the beads immobilized with the binary complex were separated equally into 1.7 ml Eppendorf tubes. An approximately equal amount of wild-type Syt1 or its mutants and an equal volume of cleavage buffer were added to the immobilized binary complex and the mixture was incubated at 4
• C for 1 h. The beads were then washed thoroughly with the cleavage buffer. 5× SDS loading buffer [0.313 M Tris/HCl (pH 6.8), 10 % SDS, 0.05% Bromophenol Blue, 50 % glycerol and 0.5 M DTT] was added to the samples and boiled for 10 min. Proteins were resolved by precast SDS/PAGE (12 % gels) and visualized by Coomassie Blue staining. To test binding of wild-type Syt1 and its mutants to the ternary SNARE complex, purified soluble syntaxin 1A (amino acids 191-266) was mixed with His-tagged SNAP-25 and GST-tagged soluble VAMP2 (amino acids 1-96) cell lysates before loading on to Ni-NTA beads. The ternary complex was purified following the same procedure described for His-tagged SNAP-25. Then the purified ternary complex was loaded on to glutathione-agarose beads. After washing thoroughly with cleavage buffer to remove unbound His-tagged SNAP-25 and the binary complex, binding of wild-type Syt1 and its mutants was carried out following the same procedure as the immobilized binary complex, except that 500 μM Ca 2 + was added to the cleavage buffer.
Cross-linking and gel-filtration assays
A native cysteine residue at position 277 in wild-type Syt1 was mutated to an alanine, followed by mutation of Gly 92 and Gly 130 to cysteine. H 2 O 2 (1 mM) was added to the cell lysate before loading on to Ni-NTA beads, and then the protein was purified following the same procedure described for wild-type Syt1. To separate the intermolecular disulfide-bonded oligomers from the intramolecular disulfide-bond monomer the protein was concentrated and loaded on to a 10/300 GL Superdex 200 column (GE Healthcare) using the Bio-Rad Laboratories biologic Duoflow system. Multi-peak Gaussian curves were fitted to the elution profile obtained from the gel-filtration experiment using Origin 8.0 ( Figure 4A ). The sample was collected with the elution volume from 15 to 20 ml as a monomer. The samples were analysed using precast SDS/PAGE (12 % gels) and visualized by Coomassie Blue staining ( Figure 4A , inset).
SDSL and CW-EPR (continuous wave EPR) data collection
A single cysteine residue mutant, G130C, of wild-type Syt1 and its triple lysine-to-glutamic acid and glutamic acid-tolysine mutants were labelled using MTSSL [(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate], and reconstituted on to v-vesicles with VAMP2. CW-EPR spectra were collected by using a Bruker ESP 300 spectrometer with a loop-gap resonator (Medical Advances) and a low-noise microwave amplifier (Miteq) at room temperature. To examine the conformational changes derived from t-vesicle binding and Ca 2 + binding, t-vesicles were added to v-vesicles three times with or without 1 mM Ca 2 + .
RESULTS
Membrane-anchored Syt1 is essential for fusion pore opening
The C2AB domain is often used as an alternative model for Syt1 in a variety of in vitro studies [22] [23] [24] [25] . The C2AB domain has been shown to recapitulate some features of Syt1 functions such as Ca 2 + -triggered enhancement of SNARE-driven lipid mixing, which has been later found to be via aggregating t-and vvesicles in the presence of Ca 2 + [22, 23, 27, 28] . In the present study, we revisited the Ca 2 + control of SNARE-dependent lipid mixing by the C2AB domain and that by membrane-anchored Syt1. As demonstrated previously [14, 15, 22, 23, 27] , both the C2AB domain and Syt1 show strong Ca 2 + -dependent stimulation of lipid mixing ( Figure 1A and Supplementary Figure S1 at http://www.biochemj.org/bj/456/bj4560025add.htm). Without SNAP-25 no lipid mixing was observed ( Figure 1A ), indicating that both lipid mixing cases are SNARE-dependent. In the absence of Ca 2 + , however, the C2AB domain had no effect on lipid mixing, whereas Syt1 still had a substantial stimulatory effect ( Figure 1A ). This Ca 2 + -independent stimulation of lipid mixing by Syt1 may be mainly derived from the enhancement of vesicle docking (Supplementary Figure S3A at http://www.biochemj.org/bj/456/bj4560025add.htm), similar to previously published work [14, 17, 26, 27] , owing to the t-SNARESyt1-lipid interaction, which is absent for the recombinant soluble C2AB domain.
Next, we compared the capacity of the soluble C2AB domain to drive fusion pore opening with that of membrane-anchored Syt1. As shown previously [31] , SNAREs alone without Syt1 cannot efficiently open the fusion pore even in the presence of 1 mM Ca 2 + ( Figure 1B , lower panel). Pore opening happens in less than 2 % of docked vesicles. In the presence of 500 μM Ca 2 + Syt1 stimulates fusion pore opening significantly, leading to pore opening for 15 % of the docked vesicles ( Figure 1B,  lower panel) . Surprisingly, however, when 2 μM C2AB was used instead of membrane-anchored Syt1, we did not observe efficient content mixing in the Ca 2 + range up to 2 mM ( Figure 1B , lower panel). When we reconstituted Syt1 into vesicles in the absence of VAMP2, little content mixing was observed in the presence of 1 mM Ca 2 + ( Figure 1B, lower panel) , indicating that the stimulation of fusion pore opening by Syt1 and Ca 2 + is strictly SNARE-dependent. On the other hand, when we reconstituted Syt1 into t-vesicles, we observed only very mild enhancement of content mixing (Supplementary Figure S3B) . Thus the results of the present study show that anchoring of Syt1 to the vesicular membrane is essential for efficient fusion pore opening.
The linker region of Syt1 is highly conserved, but does not contribute to the binding to SNARE complexes
The fact that the C2AB domain does not reproduce two important functions of Syt1, Ca 2 + -independent enhancement of docking and Ca 2 + -dependent stimulation of fusion pore opening, shows that the linker region is indispensable for Ca 2 + -triggered vesicle fusion. We now take a close look at its amino acid sequence. Strikingly, within the linker region the N-terminal half is enriched with positively charged amino acids, whereas the C-terminal half is abundant in negatively charged amino acids (Figure 2A) . Moreover, this feature of the bipolar charge distribution is highly conserved from C. elegans to humans and all of them have almost equal net charge, although the amino acids in linker regions are not as highly conserved as those in the C2 domains in different species.
To test if this bipolar charge distribution in the linker region is important for the Syt1's function, we made several mutants on the linker region to disrupt this asymmetric charge distribution by changing lysine to glutamic acid (K-to-E) or glutamic acid to lysine (E-to-K). We made single, double and triple K-to-E mutants (K86E, K86E/K90E and K86E/K90E/K95E mutants respectively; Figure 2B ). We also made single, double and triple Eto-K mutants (E131K, E131K/E135K and E131K/E135K/E139K mutants respectively; Figure 2B ). We tested if the bipolar charge distribution is important for the SNARE-binding affinity of Syt1. As expected, in our pull-down assay all mutants showed similar binding abilities to t-SNAREs without Ca 2 + and to the ternary SNARE complex in the presence of Ca 2 + (Figure 2C ), indicating that the linker region of Syt1 does not directly contribute to the interaction with SNARE complexes.
The bipolar charge distribution in the Syt1 linker plays a role in fusion pore opening
To test if the asymmetric charge distribution in the Syt1 linker region influences vesicle fusion, we investigated the effect of those Syt1 mutants we made (K86E, K86E/K90E and K86E/K90E/K95E and E131K, E131K/E135K and E131K/E135K/E139K) on vesicle docking and content mixing. The single-vesicle-pairing analysis shows that all mutations have a negligible effect on vesicle docking ( Figure 3A ). In the contentmixing assay with 500 μM Ca 2 + , we did not observe any change in content mixing for single E-to-K or K-to-E mutants ( Figure 3B , left-hand panel).
However, for the double or triple mutants we clearly observed the impairment of fusion pore opening ( Figure 3B , middle and right-hand panels) in the presence of 500 μM Ca 2 + . The quantitative analysis revealed that after 1 min, content mixing for the double mutants was reduced by 20∼30 % when compared
Figure 2 Asymmetric distribution of charged amino acids on the linker region does not contribute to SNARE binding
(A) Multiple alignment of the Syt1 linker amino acid sequences from C. elegans to humans shows that the Syt1 linker is highly conserved. Residue numbers of the rat Syt1 sequence are labelled. The positive-charged residues lysine and arginine are shown in blue and the negative charged residues aspartic acid and glutamic acid are shown in red. Net charges are shown on the right-hand side. The highly asymmetric distribution of charged residues is simply emphasized in the upper bar. All amino acid sequences are obtained from the UniProtKB database: Syt1_RAT (P21707), Syt1_HUMAN (P21579), Syt1_CHICK (P47179), Syt1_APLCA (P41823), Syt1_DROME (P21521) and Syt1_CAEEL (P34693). The mutiple alignment was carried out using MutiAlin [35] . (B) The single, double and triple K-to-E (K86E, K86E/K90E and K86E/K90E/K95E) mutants and those of E-to-K (E131K, E131K/E135K and E131K/E135K/E139K) are made to disrupt the asymmetric distribution of charged residues. (C) The charge-disrupting mutations do not alter Syt1's binding abilities to SNARE complexes as shown by the GST pull-down assay for the binary complex and the ternary complex. The binary complex is formed between GST-tagged soluble Syt1A (amino acids 191-266) and His-tagged SNAP-25. The ternary complex is formed among GST-tagged soluble VAMP2 (amino acids 1-96), Syt1A (amino acids 191-266) and His-tagged SNAP-25. WT, wild-type.
with that of wild-type Syt1, whereas the triple mutants had as much as a 50 % reduction ( Figure 3C ). Thus the results of the present study suggest that the bipolar charge distribution contributes to fusion pore opening in a positive way.
Disulfide cross-linking in the linker reduces docking while enhancing fusion pore opening
By what mechanism does the bipartite linker region contribute to fusion pore opening? One can envision that an electrostatic interaction between the basic N-terminal region and the acidic C-terminal region drives some folding of the linker region, which would effectively shorten the tether between the C2AB and the transmembrane domain.
To further verify the hypothesis that the folding and unfolding state of the linker region of Syt1 regulates synaptic vesicle fusion we designed a double cysteine residue mutant of Syt1, G92C/G130C, which can lock the folded conformation by crosslinking the N-terminal to C-terminal regions by the intramolecular disulfide bond. The double cysteine residue mutant was crosslinked with 1 mM H 2 O 2 . Both intermolecular and intramolecular disulfide bonds formed in this process, in which intermolecular dimers or higher oligomers had larger molecular masses than the monomer with the intramolecular disulfide bond. Thus we were able to further purify the monomer component via gel filtration using a 10/300 GL Superdex 200 column ( Figure 4A ), which was confirmed by SDS/PAGE ( Figure 4A, inset) . The Syt1 mutant with the disulfide bond in its linker region ran slightly faster than the wide-type monomer, making it easy to confirm the intramolecular disulfide bond formation. We then reconstituted the purified intramolecular cross-linked Syt1 into v-vesicles.
We found that the cross-linked Syt1 mutants could reduce vesicle docking by approximately 40 %. Although the changes appear to be statistically insignificant, the inhibition of vesicle docking could be recovered when the sample was treated with DTT within experimental errors ( Figure 4B ). Thus the results suggest that the flexibility of the linker region is favourable for Syt1 in assisting vesicle docking.
In contrast, in the content-mixing assay, cross-linked Syt1 enhanced fusion pore opening compared with wild-type Syt1 by approximately 50 % (Figures 4C and 4D) , which also could be negated by DTT. Thus the results show that the folded linker region is preferable for Syt1/Ca 2 + to drive opening of the fusion pore for content mixing.
To further substantiate this observation, we made the linker of Syt1 shorter by deleting 40 amino acids [ (99-140)aa]. As expected, the truncated mutant of Syt1 reduced the vesicle docking by ∼50 %, but enhanced fusion pore opening by more than 40 % ( Figure 4E ). Thus the results of the present study support the notion that an extended and flexible linker region is preferred for Syt1 to induce vesicle docking to the plasma membrane, whereas a shorter linker region is favoured for Syt1 to drive fusion pore opening.
Syt1's binding to t-vesicles in the presence of Ca 2 + induces conformation change in the linker
To examine whether t-vesicle binding in the absence or presence of Ca 2 + could induce conformation changes in the linker of Syt1, we used SDSL and the EPR analysis of the spin-labelled Syt1 G130C mutant. We found that the linker was in a flexible conformation when reconstituted on v-vesicles ( Figure 5A, ᮀ) . Upon binding to t-vesicles in the absence of Ca 2 + , the linker region became slightly more flexible as the EPR lines got somewhat narrower ( Figure 5A, ᭺) . However, an opposite conformation change happened when Syt1 bound to t-vesicles with Ca 2 + ( Figure 5A , Supplementary Table S1 at http://www.biochemj.org/bj/456/bj4560025add.htm. (E) Histograms representing the normalized docking probability (left-hand bars) and content-mixing events within 1 min (right-hand bars) with the Syt1 linker deletion mutant. The black bars represent wild-type Syt1 and white bars represent the Syt1 linker deletion mutant. Results are means+ − S.D. from three independent experiments (*P < 0.05). A summary of fusion events among docked vesicles are shown in Supplementary Table S1 and a summary of immobilized v-vesicles and docked t-vesicles are shown in Supplementary Table S2 . WT, wild-type.
), which indicated a conformation change from flexible to restricted. Interestingly, this conformational change was lost when the bipolar charge distribution of linker was disrupted by triple K-to-E or E-to-K mutants ( Figures 5B and 5C ), consistent with our result from the fusion assay.
DISCUSSION
In the present study our single-vesicle-docking and contentmixing assays helped reconstitute two signature Syt1 functions in synaptic vesicle fusion successfully: Ca 2 + -independent docking and Ca 2 + -dependent content mixing [14, 31] . When the recombinant soluble C2AB domain, for which the linker and the transmembrane regions were deleted, was used instead, these two important Syt1 functions were both lost, consistent with the prediction by Chapman and co-workers [27] .
The linker region is featured with the distinct charge segregation: positively charged amino acids are enriched in the N-terminal region, whereas the negatively charged amino acids are clustered in the C-terminal region. Therefore one might wonder if the linker region is capable of folding as an electrostatic zipper, which could regulate the distance between the functional C2AB domain and the membrane anchor. Indeed, the molecular dynamics simulation for the wild-type sequence reveals that the linker region can collapse owing to electrostatic interactions (Supplementary Figure S5 at http://www.biochemj.org/bj/456/bj4560025add.htm). When the charge segregation was disrupted by triple E-to-K or Kto-E mutations in the simulation, the linker region instead prefers to be in an extended conformation (Supplementary Figure S5) .
Our single-vesicle experiments showed that the double and triple E-to-K and K-to-E mutations impair content mixing to some extent. Thus the results of the present study suggest that the folded conformation is favourable for content mixing. For the double and triple mutants, the electrostatic interactions are weakened and the tendency for the linker to fold is reduced and, consequently, content mixing is reduced. In contrast, the disulfide cross-linked mutant and the mutant with shortened linker First-derivative EPR spectra of spin-labelled wild-type Syt1 (A) and its triple K-to-E (B) and E-to-K (C) mutants. ᮀ, EPR spectra of v-vesicles reconstituted with wild-type Syt1 or its triple K-to-E and E-to-K mutants; ᭺, EPR spectra of v-vesicles reconstituted wild-type Syt1 or its triple K-to-E and E-to-K mutants bound to t-vesicles; and , EPR spectra of v-vesicles reconstituted wild-type Syt1 or its triple K-to-E and E-to-K mutants bound to t-vesicles in the presence of 1 mM Ca 2 + .
both showed enhanced content mixing, which corroborated the argument. For both the disulfide cross-linked mutant and the mutant with the shortened linker, vesicle docking was reduced, although the changes were subtle. Thus the data suggest that the extended linker region might be favoured for docking. It is, however, intriguing that for the E-to-K or K-to-E mutants, docking was unchanged when compared with the wild-type Syt1. The results might suggest that the linker region of the wild-type Syt1 stays in an extended conformation most of the time only spending a small portion of time in the folded conformation.
Our EPR experiments provided some structural basis for the proposed mechanistic model for the linker region. The results showed that the Syt1 linker region prefers a flexible conformation during docking, but a folded conformation during content mixing. However, for the triple K-to-E and E-to-K mutants, the ability to flex was lost.
For Syt1-mediated docking the longer linker would be much more effective. The 60-residue-long linker can theoretically extend as much as 30 nm, which will allow the C2AB domain to reach out to bind t-SNARE on the target membrane [16, 17] . In contrast, for Ca 2 + -triggered vesicle fusion the short linker would be the better because it would allow more efficient SNARE complex formation in a confined environment. Thus to make the linker be effective for both docking and fusion it has perhaps evolved to become an electrostatic zipper that can extend to facilitate docking, but fold to help SNARE assembly.
The conformation of the linker region may be in equilibrium between extended and folded conformation. Hypothetically, it suggests an extended conformation in the absence of Ca 2 + , thereby assisting Syt1-mediated docking ( Figure 6A ) [33] ; however, the equilibrium shifts to the folded conformation in the presence of Ca 2 + to reduce the gap between two membranes ( Figures 6B and 6C) . Conceptually, the hypothetical model presented here is similar to the distance regulation model proposed by Jahn and co-workers for Ca 2 + -triggered stimulation of SNARE-dependent membrane fusion by Syt1 [30, 34] . In the present study we propose that the linker region plays a role in regulating the distance between two opposing membranes.
In summary, we show using a single-vesicle-fusion assay that the linker region of Syt1 plays a subtle role in Ca 2 + -independent docking as well as in Ca 2 + -dependent content mixing. Such dual function might exist due to the capacity of the electrostatically bipartite linker region to extend and fold to some extent in response to Ca 2 + signals. Table S1 . The E131K/E135K/E139K mutant. From the simulation we estimate the end-to-end distance for the linker R e ≈ 1.6+ − 0.3 nm for wild-type Syt1, 4.4+ − 1.6 nm for the Syt1 K86E/K90E/K95E linker and 5.5+ − 1.0 nm for E131K/E135K/E139K. R e value of wild-type Syt1 is much shorter than the prediction of the freely jointed chain model where R e ≈ 4 nm (distance between amino acids is assumed to be 0.5 nm). This discrepancy is attributed to the strong electrostatic attraction between charged amino acids and the stiffness of them. To help understanding, we divided the linker region into three sub-parts, and measured R e values for them: (i) positive-rich part which is composed of the first 19 amino acids (amino acids 80-98) at the linker region whose total charge is + 10 e (part 1); (ii) almost neutral middle part (net + 1 e ) which is composed of the next 22 amino acids (amino acids 99-120) (part 2); and (iii) negative-rich (net − 8 e ) part containing the last 21 amino acids (amino acids 121-141) (part 3). Interestingly, the R e value of wild-type Syt1 is even shorter than the R e value of part 2, which is about 1.9 nm (2.0 nm for part 1 and 2.1 nm for part 3). This indicates that part 1 and part 3 are folded by the charge interaction, like an electrostatic zipper (A). Noticeable conformational changes are found under even small modifications in the Syt1 amino acid sequence. Syt1 K86E/K90E/K95E shows an extended end-to-end distance with respect to the wild-type. Part 1 is shrunk to 1.3 nm, and the end-to-end distances of part 2 and part 3 are 1.8 nm and 2.7 nm respectively. The alternating sequence of positive and negative charges may provoke collapse of part 1 and part 2 into a globule, whereas part 3 is still stretched as shown in (B). Syt1 E131K/E135K/E139K has a net charge of + 9 e and exhibits stretched conformations. The R e value is not much different from the summation of the end-to-end distance of the sub-parts. The end-to-end distances of three parts are approximately 2.0 nm, 2.3 nm and 2.2 nm for part 1, part 2 and part 3 respectively. Thus they may be approximated as a linear connection of these three parts like a charged cylinder (C). 
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